A strategy for the proteolytic fragmentation of human IgM has been developed. This method is called "cold pepsin digestion" because of its unique feature of achieving restricted peptic cleavages at 40 and pH 4.0. Cold pepsin digestion has been applied successfully to produce an Fv fragment from 14 human IgM proteins. The Fv fragment consists of the heavy chain variable domain (VH) and the light chain variable domain (VL) held together by strong noncovalent interaction. Thus, each Fv fragment contains one intact antigen-binding site and represents the minimal active fragment derivable from an antibody molecule. A series of other structurally and functionally important fragments were also isolated and characterized. Two basic digestion pathways were recognized; these mainly reflect the relative accessibility of five sets of major interdomain cleavage sites.
The Fv fragment contains a single antibody-combining site and is defined as a fragment derived by cleavage of immunoglobulin molecules that consists of both a VH and a VL domain held together by noncovalent interactions. To generate the Fv fragment requires that both the VL-CL and the VH-CHl switch regions be selectively cleaved either chemically or enzymatically without irreversibly affecting the conformational integrity of the variable domains.
The presence of an exposed area in the VL-CL switch region of the light chain is suggested by the observation of spontaneous VL and/or CL domain fragments in the urine of some patients with multiple myeloma. The proteolytic origin of these fragments is demonstrable by incubating Bence-Jones proteins and isolated light chains of both antigenic groups (K or A) either with "active" urine or with endopeptidases such as trypsin, papain, or pepsin (1) . Selective cleavage in the VH-CHl switch region of the heavy chain is more difficult to achieve. The isolation of a VH domain fragment after limited papain digestion of a human IgG3 protein appears to be unique to that protein because similar attempts have failed with other IgG3 or IgGl proteins (2) ; however, the VH domain can be produced from pooled rabbit IgG in reasonable yield by papain digestion of the isolated Fd fragment (3) .
Production of the Fv fragment is even more sporadic; so far, only three successful isolations have been reported, and the methods have not been generally applicable. An Fv fragment prepared from a mouse IgA (protein 315) by peptic digestion retained both the intact conformation and the original antigen-binding activity (4) (5) (6) ; hence, it represents the elementary unit of recognition and specificity in the immune system. However, this technique proved to be effective only with protein 315 and could not be applied to other mouse IgA proteins. A much more laborious approach was used to produce Fv fragment from another mouse IgA protein (XRPC-25) (7) . An Fv fragment has been prepared from a human Waldenstr6m IgM by peptic digestion of the intact protein or its papainderived Fab fragment. Although the yield of Fv from this particular IgM was nearly quantitative, the procedure was not applicable to other IgM proteins (8) .
In contrast to the above, the "cold pepsin digestion" method reported in this communication has been tried on 14 human monoclonal IgM proteins, and a significant yield of Fv fragments (up to 100%) was obtained from 13 Cold Pepsin Digestion. A 1% solution of purified human IgM was dialyzed against 0.02 M sodium acetate/0.15 M NaCl, pH 4.0 buffer. Pepsin (porcine gastric pepsin, twice crystallized, Worthington Biochemical Corp.) was added to the protein solution at a ratio of 1 to 25 (wt/wt), and the digestion was allowed to proceed at 40 for 24 hr. A second portion of pepsin was then added at a ratio of 1 to 50 (wt/wt) and the digestion was continued for another 24 hr. To stop the reaction, the turbid digestion mixture was slowly titrated back to neutrality with concentrated NaOH solution. In the final digest of GaIgM, the full spectrum of peptic fragments was displayed (Fig. 2B) . The yield of Ga Fv fragment (35-40%) was significantly lowered on one hand by the resistance to cleavage of the three digestion intermediates, and on other hand by the vulnerability of the Ga Fv fragment, especially its VH domain, to secondary degradation as evidenced by the accumulation of free VL domain in the digest. Among the 12 other IgM proteins studied, 3 (Na, Ba, and Cle) followed a digestion pathway similar to that of Cam IgM (pathway I in Fig. 1 ), and they all gave nearly quantitative recovery of Fv fragment. The remaining nine followed a digestion pathway similar to that of Ga IgM (pathway II in Fig.  1 ), and their yield of Fv fragment varied from 10% (Ou) up to 100% (Web). One explanation of the differential yields of Fv and the varying susceptibility of the cleavage sites of different IgM proteins lies in the variation in the VH and VL sequences, which in turn affects the degree of interaction of VH and VL and possibly also of the constant domains.
The Five Interdomain Cleavage Sites. The two basic digestion pathways (I and II) mainly reflect the relative accessibility of five sets of major interdomain cleavage sites: site A (A') is located between the VL and the CL domain; site B (B') is located near the carboxy-terminus of the CL domain; site C (C') is located between the VH and the C.1 domains; site D (D') is located between the C/1 and the CA2 domains; site E (E') is located between the CIA2 and the C ,3 domains (Fig. 3 ).
Sites B (B') and C (C') of Cam IgM and its digestion homologues were found most susceptible to peptic cleavage. This situation prevented the formation of any significant amount of intermediate fragments even at the beginning of the digestion and led to pathway I of Fig. 1 . Site B (B') was not directly involved in the generation of either the Fv fragment or the F(C.2)4 fragment; however, its cleavage seemed to weaken interactions between the CL and the C/Al domains, probably by disruption of the stabilizing effect of the H-L disulfide bond, and thus facilitated the subsequent exposure of sites A (A') and D (D').
On the other hand, pepsin attacked Ga IgM and its digestion homologues first at site E (E') to produce the F(ab')2, fragment apparently became exposed to pepsin only after the C^,2 domain region had been removed from the Fab region. The relative exposure of these three interdomain sites varied significantly among different homologues of Ga IgM. For example, the very low yield of Ou Fv fragment was found in part to be due to the resistance of these three interdomain cleavage sites and in part due to the acid instability of Ou Fv fragment itself. Thus, the Ou Fv fragment not only was generated with difficulty, but also was readily degraded. pepsin-to-protein ratio. Temperature was found to be the most crucial factor for successful production of Fv fragment. Fv fragment is relatively unstable at acidic pH and is very susceptible to peptic degradation at 37O. For example, Cam Fv fragment was produced in quantitative yield when the digestion was done at 40, but almost no Cam Fv fragment persisted if the digestion proceeded at 37°. This observation apparently explains why the Fv fragment was not isolated by conventional peptic digestion at 370 except in rare cases (4, 8) . Elevated temperature also adversely affects the integrity of the CM,2 domain. No F(C,,2)4 fragment could be isolated if IgM proteins were digested at 370. For most of the IgM proteins pH 4.0 was found optimal to produce a maximal yield of Fv fragment. Variation of digestion pH around 4.0 affected different IgM proteins to different degrees. Raising the buffering capacity of the digestion medium tended to accelerate the digestion process as well as to accentuate the peptic action; this leads to rapid disappearance of intermediates without increase in the yield of Fv. Because 20-40% of the IgM molecules remained intact or only partially cleaved after digestion for 24 hr owing to autolysis of the pepsin, it was necessary to replenish the enzyme and continue the digestion for another 24 hr in order to achieve a higher yield of Fv. The relatively high pepsin-toprotein ratio used was found necessary because of the low digestion temperature and the long digestion time employed.
Structural Studies of the Antigen-Combining Site. The Fv fragment has several unique advantages over the Fab fragment, the light chain dimer, and the VL dimer to be a model for structural studies of the antigen-binding function of antibodies: (i) The Fv fragment contains an intact antigen-binding site and represents the minimal active fragment derivable from an antibody molecule. (ii) The Fv fragment is completely devoid of the constant domains; this greatly simplifies the practical assignment of many experimental observations. (hi) The low molecular weight plus the high aqueous solubility of Fv fragment permits the preparation of a protein solution of high concentration (10 mM or 250 mg/ml), which is desirable for physical measurements such as nuclear magnetic resonance studies. (iv) The relatively compact globular structure of the Fv fragment offers a greater chance of success in attempts at crystallization. (v) The subunit components of the Fv fragment can potentially be dissociated, isolated, and reassembled without An Fv fragment prepared from a single mouse IgA (myeloma protein MOPC 315) that has anti-dinitrophenyl activity has been studied extensively by circular dichroism (5), equilibrium dialysis (4), fluorescence quenching (6), and nuclear magnetic and electron spin resonances (17) . The topography of its binding cavity has been elucidated from these dynamic data by comparison with the x-ray crystallographic structure of the variable region of a phosphocholine-binding mouse IgA (myeloma protein MoPC 603) (18) .
Similar studies on human antibodies have been hampered by the inability to produce Fv fragment from monoclonal immunoglobulins with proven antigen-binding function. So far, no definite antigen-binding activity has been shown to be associated with the 14 human IgM proteins studied here except possibly for Ga IgM, which may have a rheumatoid factor-like antibody activity against antigen-antibody complex. However, the finding of several Waldenstrom IgM proteins with specificities toward phosphocholine (19) , nitrophenyl compounds (20, 21) , and glycosphingolipids (22) clearly implies the potential antibody-like function of many human monoclonal IgM paraproteins. Evidence for the conformational integrity of the Fv and of the F(C.2)4 fragments has been obtained by circular dichroism measurements (23) . Cold pepsin digestion of human IgM with proven antigen-binding activity might therefore provide the first human Fv fragment that is suitable for structural and immunological studies of the antigen-combining site.
